Since the initial observations of McLean and Hastings numerous methods have been devised to measure the concentration of ionised calcium in body fluids. It is the object of this paper (a) to review the various techniques available to the clinical biochemist, with particular reference to the application of these methods to the measurement of ionised calcium in serum, and (b) to comment on the clinical value of such measurements. METHODS There are four main groups of methods for measuring ionised calcium in body fluids.
As mentioned earlier, the first technique to be successfully employed was that of stimulating isolated frog cardiac muscle and measuring the magnitude of contraction when the muscle was bathed in solutions containing various concentrations of ionised calcium Hastings, 1934, 1935) . A standard curve of height of contraction versus ionised calcium enabled the ionised calcium concentrations of sera to be determined. A similar technique was later developed using toad heart muscle (Paupe, 1955) .
These methods, however, tend to be slow and the response may vary according to the clinical condition being studied. The heart preparation is subject to toxic effects from certain types of sera, and often the response does not return to normal after exposure to the high levels of ionised calcium found, for example, in hyperparathyroidism. In short, the methods are unsuitable for the routine measurement of ionised calcium and are important only for their historical interest. 540
CALCIUM FRACI10NS
[Ca] Total = [CaPr] It was first demonstrated by McLean and Hastings (1934, J935) in their classical work on the contraction of frog heart muscle that the "free" or "ionised" concentration of calcium is the physiologically active form of that element. Since then evidence has accumulated to support this hypothesis from work on the intestinal absorption of calcium (Schachter et al., 1960) , the renal tubular reabsorption of calcium (Walser, 1961a) , the stimulation of the parathyroid glands (Sherwood et al., 1966; Chen et al., 1974) , the relationship between blood and bone calcium (Rodan et al., 1967) , plasma calcium hornoeostasis (Parfitt, 1969) , and the activation of cells by various hormones (Rasmussen, 1972) . Typical values for the various calcium fractions (i.e, ionised, proteinbound, and complexed) in some body fluids are shown in Table 1 . Clearly the ionised fraction generally constitutes a major proportion of the total calcium. 
Bioluminescence
More recently a technique for measuring ionised calcium has been published based on the bioluminescent properties of aequorin, a photoprotein extracted from the jellyfish Aequorea (Izutsu and Felton, 1972; Izutsu et al., 1974) . This protein luminesces in the presence of calcium ions, the light intensity being proportional to the concentration of ionised calcium in the bathing solution. Although the method is extremely rapid, with a response time of about 10 ms, it has many disadvantages. Firstly, there is difficulty in obtaining aequorin, since it is not yet available commercially and the jellyfish from which it is extracted is said to occur only off the Californian coast. Secondly, the fast response time of the photoprotein requires a mixing time of about 3 ms and a fast instrument response time, since each molecule of aequorin responds only once to an interaction with a calcium ion. Even when these problems are overcome, the method requires so much aequorin to produce a detectable response that calcium complexes with stability constants of less than 1()4 dissociate in favour of forming a ca1ciumaequorin complex with a stability constant of about 7 x 10 6 (Shimomura and Johnson, 1970) . The calcium so released is measured as "ionised" calcium. Thus the method grossly overestimates the true concentration of ionised calcium in serum (lzutsu et al., 1974) , where all the calcium complexes have stability constants of around 1()3 or less (Walser, 1961b; Pedersen, 1973) . The method does work well, however for the measurement of ionised calcium in studies involving mitochondria or sarcoplasmic reticulum, where the binding of calcium is sufficiently strong not to be affected by the presence of aequorin (Ashley, 1971) .
Colorimetry
Until the advent of calcium-selective electrodes in the late 1960s the main methods for measuring ionised calcium were colorimetric, based on the colour change produced in the metal ion indicator murexide when it complexes with calcium ions. This method has the advantage over the aequorin technique that changes in absorbance at a given wavelength can be measured using such small amounts of murexide that the equilibria involving calcium and its various complexes are not significantly disturbed. The main disadvantages of murexide itself are, firstly, that 't binds to serum albumin, thereby causing the method to overestimate the concentration of ionised calcium (Harnach and Coolidge, 1963) ; secondly, that it is sensitive to changes in pH, and this adds to the variability of the method if the sample is not gassed with 5 % C02/air (Raaflaub, 1962) ; and, thirdly, that the fraction of total calcium in the ionised form is temperature-dependent (Gupta, 1967) , and therefore measurements should be carried out at 37 cC. Various techniques using murexide have been reported for measuring ionised calcium concentrations in plasma ultrafiltrates (Rose, 1957; Walser, 1960) and in serum (Ettori and Scoggan, 1959; Lumb, 1963; Harnach and Coolidge, 1963) .
Some of the problems mentioned above have been overcome by using the tetramethyl derivative of murexide (TMM), the colour of which is independent of pH within the physiological range (Raaflaub, 1962) . Moreover, TMM does not bind to serum proteins as readily as murexide, and consequently the coefficient of variation of the method on an intra-run basis (1-2 %) is lower than the murexide itself (4-5 %) (Pedersen, 1970; Rose, 1972) . It has been reported that the method using TMM can be automated (Cham, 1972) , but no confirmation of this has been published.
Potentiometry
Since the development of the glass electrode at the beginning of this century for the measurement of pH efforts have been made to construct electrodes selective for other ions. In the late 19505 glass electrodes were developed which were sensitive to other univalent cations, such as sodium and potassium, but not to calcium (for review see Moore, 1970) . The growing demand for electrodes sensitive to divalent cations led eventually in the late 19605 to the development of a new generation of electrodes which did not rely on ion-sensitive glass. The most useful of these for measuring calcium has been the liquid ion-exchange membrane electrode (Ross, 1967) . Since then various models have been developed by the Orion Research Inc., Cambridge, Massachusetts, including a simple "dip-in" (or "static") electrode (Model 92-20), a "flow-through" electrode (Model 98-20), and more recently an automated system based on a flow-through sensor (Model SS-20) An alternative calcium-sensitive electrode has been developed by Radiometer, Copenhagen, with a faster response time than the Orion models (Ruzicka et al., 1973; Madeira, 1975) . But there are, as yet, no reported measurements in serum. Other electrodes have been produced by Philips, Corning, Beckman, and Hisel (for review see Ruzicka et al., 1973) .
The essential features of the liquid ion-exchange membrane electrode are outlined in Fig. 1 . Serum is pumped through the electrode to make contact with a porous membrane impregnated with a liquid ion- exchanger. This ion-exchanger selectively binds calcium and is normally saturated with that ion. A potential difference is set up between the ionised calcium of the serum and that of the liquid ionexchanger. Since the calcium concentration of the saturated ion-exchanger is constant, the potential difference established is dependent only on the ionised calcium concentration of the serum. Otherwise the system consists of a series of constant potential differences between (a) the calciumsaturated ion-exchanger and the 1.0 rnmol/l CaCl2
Pump internal reference solution, and (b) the constant 2.0 mrnol/l chloride concentration of the CaCl2 and the Ag/AgCl internal reference electrode. The circuit is completed through a standard external reference electrode, which may be a calomel electrode or an Ag/ AgCl electrode. A large number of reports have been published in the last seven years employing the various Orion electrodes for measuring ionised calcium in serum, plasma, whole blood, and their ultrafiltrates (Arnold et al., 1968; Sachs et al., 1969; Moore, 1970; Raman, 1971; Ladensen and Bowers, 1973a) . Others will be mentioned later in specific contexts.
The main advantages of the potentiometric methods are that, once the electrode is set up, the measurements are relatively quick to perform, only small sample volumes are required (O.J-{).4 ml), and the sample is not destroyed and consequently may be used for other analyses afterwards. There is a reported low coefficient of variation (0.6-1.3%) on intra-run analyses using the flow-through electrode, although it is higher (about 4 %) with the dip-in electrode. The inter-run variation of the flow-through electrodes is higher (about 4-5 %) because of longterm instability of some electrodes and loss of sensitivity owing to adsorption of contaminating ions (?protein or heavy metal ions) on the membrane surface. The other main disadvantage of the electrode is that it is only selective and not specific for calcium. The observed order of selectivities of other cations for binding to the ion-exchanger is: H+ (about 10 7 )Z n 2+ (3.2) > Ca 2+ (1.0) > Sr 2+ (0.017) > Mg2+ (0.015) > Ba 2+ (0.010) > Na+ (0.0003) > K+ (0.0001). Although these figures show that the electrode is actually more sensitive to H+ and Zn 2+ than to Ca 2+, in practice the concentrations of these ions are so much less than that of Ca 2+ in biological fluids that the interference is negligible. However, the electrode may not be used in solutions whose pH values are less than 5.5 (e.g., urine). A small interference (about 7 %) is detected from Mg2+ and also from sodium (about 4 %) because of the high Na+/Ca 2+ concentration ratio in most biological fluids (Ladenson and Bowers, 1973a) . These effects can be overcome by including the relevant concentrations of the interfering ions in the calcium standards.
REFERENCE INTERVAL FOR IONISED CALCIUM IN SERUM
The mean values and ranges of ionised calcium concentrations in normal human serum as found by the various techniques quoted above are outlined in Table 2 . This shows that generally the mean ionised calcium concentration of normal serum lies in the range 4.5-4.9 mg/l00 mI. The main exceptions are (a) the techniques based on murexide, which, for the reasons discussed earlier, overestimate the "true" concentration of ionised calcium, and (b) the values obtained using the new Orion SS-20 automated system, which gives much lower values than those reported using other techniques. The explanation of these lower values is not yet clear, though it has been suggested that they may be due to the different binding characteristics of the ion-exchanger employed in calcium-sensor of the SS-20 or to a loss of C02 from the serum as it is pumped through the sensor unit. Any such loss of C02 will result in a rise in the pH of the sample and a fall in the fraction of calcium in the ionised form (see later section on the effect of pH).
A number of biological factors have been shown to affect the reference range of ionised calcium such as feeding (Ladenson and Bowers, 1973a) and age (Lindgarde, 1972) and should be taken into account in establishing reference intervals and assessing the calcium status of patients.
FACTORS IMPORTANT IN TIlE MEASUREMENT OF IONISED CALCIUM

Blood-sampling
It has been reported that venous occlusion influences the total calcium concentration of serum (Berry et al., 1973) . This is clearly seen in Fig. 2 , which shows the pre-and post-occlusion levels in a number of patients. The increase in total calcium concentration is caused by an increase in protein concentration induced by haemodynamic changes. The protein-bound fraction of calcium increases, but there is no measurable change in the concentration of ionised calcium. In this situation the total calcium concentration by itself may be clinically misleading unless the serum protein concentration is taken into account. A number of corrections are available which claim to adjust plasma calcium for changes in protein concentration, though there is some controversy as to which correction factor should be applied (Dent, 1962; Parfitt, 1969; Berry et al., 1973; Payne et al., 1973) . Clearly measuring ionised calcium instead of total calcium overcomes this problem.
It is known that the concentration of total calcium in serum may be affected by change in posture (Pedersen, 1972; Husdan et al., 1973) . This effect is also related to haemodynamic changes in protein concentration and may be corrected as described above. There is, however, no short-term effect of change in posture on the concentration of ionised calcium in serum (Fig. 3) , and this reinforces the argument in favour of measuring ionised calcium rather than total calcium and total protein and then having to apply some correction factor.
Long-term bed rest, on the other hand, produces changes in both ionised and total calcium (Fig. 4 , taken from the data of Heath et al., 1972) . Ailshown there is also a well-documented increase in urinary calcium excretion during the immobilisation period (Albright et al., 1941; Whedon and Shorr, 1957) . In contrast with the effect of short-term changes in posture (Fig. 3) long-term immobilisation probably induces an imbalance between the rates of bone formation and resorption (Heaney, 1962) , caused by the absence of longitudinal pressure (weight-bearing) on bone (Whedon and Shorr, 1957 ).
An extremely important factor in the taking of blood is the state of ventilation of the patient (Fig. 5 , taken from the data of Seamonds et al., 1972) . For example, hyperventilation sufficient to cause an increase ofO.l--Q.2 units in blood pH produces about a 10% reduction in the concentration of ionised calcium. The increase in pH causes hydrogen ions to dissociate from the serum proteins, which are then available to complex calcium ions. Thus it is important that the patient should be ventilating normally prior to and during the sampling of blood. It is also vitally important that the blood sample be taken anaerobically and thereafter handled in such a way as to prevent any loss of C02.
Treatment of blood samples
Various workers (Moore, 1970; Ladenson and Bowers, 1973a; Schaer and Bachmann, 1974) have shown that addition of heparin to blood causes a reduction in the concentration of ionised calcium (Fig. 6 , taken from the data of Ladenson and Bowers, 1973a) . This is caused by the complexing of Ca 2 + ions by the added heparin. It is therefore preferable to perform the ionised calcium measurements on serum rather than on plasma.
Addition of trypsin and triethanolamine to standards has been advocated by various workers to prevent fouling of the membrane of the calcium electrode (Hattner et al., 1970; Subryan et al., 1972; Seamonds et al., 1972) . These also reduce the measured concentration of ionised calcium and are not recommended (Ladenson and Bowers, 1973a) .
The measurement of ionised calcium
The most important factor throughout the entire sampling and handling procedure and during the actual measurement of ionised calcium is the maintenance of a constant pH. Thus the entire sampling and handling procedure should be carried out without loss of COz (e.g., and the red cells separated as soon as clotting is complete to prevent acid production by respiration.
The effect of changing pH on the concentration of ionised calcium has been studied by several workers (Moore, 1970; Seamonds et al., 1972; Schaer and Bachmann, 1974) . The last-named authors have shown (Fig. 7) that acidification of serum either by addition of HCI or lactic acid, or by the equilibration with partial pressures of COz greater than 5 % increases the concentration of ionised calcium. This is brought about mainly by the dissociation of calcium-protein complexes as the hydrogen ion concentration of serum increases. Conversely, lowering the hydrogen ion concentration of serum by allowing COz to blow off causes a reduction in the concentration of ionised calcium, similar to that observed during hyperventilation (Fig. 5 ). It is interesting to note in Fig. 7 that at any given pH lactic acid appears to be less effective than HCl or COz in releasing Ca z + ions from protein. This is because the added lactate itself is able to complex some of the Ca z + ions released from protein.
Another variable which influences the measurement of ionised calcium is the temperature of the sample and sensor unit. Ideally the measurements should be carried out at 37 cC, since values obtained at room temperature are about 4 % lower than at body temperature (Arnold et al., 1968; Hansen and Theodorsen, 1971 ).
VALUE OF IONISED CALCIUM MEASUREMENTS
A summary of the recommended conditions for measuring ionised calcium is shown in Table 3 . It is clear that from the clinical biochemist's point of view there are both advantages and disadvantages in measuring the concentration of ionised rather than Schaer and Bachmann (1974) , with the permission of the authon and publishers). total calcium. On the positive side there is no effect of venous occlusion or change in posture on the concentration of ionised calcium. On the other hand ionised calcium is highly sensitive to any change in pH of serum. Some variables, such as age and feeding, influence both parameters, and the coefficients of variation of both measurements are similar. The deciding factor would seem to be which measurement acts as the most reliable indicator of the calcium status of the patient in a given clinical situation.
At first sight there would appear to be no particular value in measuring one in preference to the other, since the concentration of ionised calcium is generally proportional to that of the total (Ladenson and Bowers, 1973b) . However, there are certain clinical situations where the total calcium concentration may not define the true calcium status of the individual. Examples include open-heart surgery, during which blood containing acid-citratedextrose is transfused, which causes a fall in ionised calcium without affecting total calcium (Hinkle and Cooperman, 1971; Moffitt et al., 1973) ; acid-base disorders, where the fraction of ionised calcium is altered (pedersen, 1971) ; haemodialysis, where the protein-binding of calcium may be changed (Gosling et al., 1975; Fuchs et al., 1975) ; myeloma and renal failure (Ladenson and Bowers, 1973b) ; cirrhosis (Moore, 1971) ; thiazide treatment (popovtzer et al., 1975) ; and in so-called normocalcaemic primary hyperparathyroidism (Lloyd et al., 1962; Low et al., 1973; Freaney et al., 1974) . Fig. 8 shows the total and ionised calcium concentrations in the sera of patients subsequently proved to be hyperparathyroid (taken from the data of Low et al. (1973) and Freaney et al. (1974». Both groups show a number of patients whose total calcium concentrations were sometimes within the reference intervals for the two laboratories. In almost every instance, however, the corresponding ionised calcium concentration was outside the normal range. The reason for this is not completely clear but may be due to the slight acidosis observed in such patients (Wills, 1971) . This is supported by the data of Freaney et al. (1974) (Fig. 8) , which shows that the bicarbonate levels of some of their subjects were low or subnormal. As discussed earlier, any reduction in blood pH will cause an increase in the fraction of ionised calcium.
MEASUREMENT OF IONISED CALCIUM IN OTHER
BIOLOGICAL FLUIDS
A brief mention ought to be made of attempts to measure ionised calcium concentrations in body fluids other than "serum. Methods using murexide have been reported for measuring ionised calcium in cerebrospinal fluid (Raaflaub, 1951) , milk ultra- filtrates (Smeets and Seekles, 1952) and urine (Walser, 1960; Raaflaub, 1962) . In urine, however, the measurement of ionised calcium is complicated by the pH-dependence of the dye, ionic strength effects, and interference from sodium ions. Methods employing tetramethyl murexide (Raaflaub, 1962; Hunt and King, 1963; or a calcium electrode (Robertson, 1969) overcome the problem of the variable pH of urine, but still require HYPERPlllRATHYIIOID Fig. 8.- The concentrations of ionised and total calcium and bicarbonate in tbe sera of patients with hyperparathyroidism in relation to the normal rang'1! of these variables (from the data of Low et al, (1973) and Freaney et al. (1974) , with the permission of the, authon' and publishers). , . , correction for variation in ionic strength and sodium concentration. The values measured by tetramethyl murexide and the calcium electrode correlate well with the values calculated by subtracting the concentrations of all the known complexes of calcium in urine from the total calcium concentration (Robertson, 1969) . In general these methods have shown that about 50 % of urinary calcium is in the ionised form, although the variation is much greater than in serum.
